In this paper, we describe the range of N-linked glycan structures produced by wild-type and glucosidase II null mutant bloodstream form Trypanosoma brucei parasites and the creation and characterization of a bloodstream form Trypanosoma brucei UDP-glucose:glycoprotein glucosyltransferase null mutant. These analyses highlight peculiarities of the Trypanosoma brucei UDP-glucose:glycoprotein glucosyltransferase, including an unusually wide substrate specificity, ranging from Man 5 GlcNAc 2 to Man 9 GlcNAc 2 glycans, and an unusually high efficiency in vivo, quantitatively glucosylating the Asn263 N-glycan of variant surface glycoprotein (VSG) 221 and 75% of all non-VSG N glycosylation sites. We also show that although Trypanosoma brucei UDP-glucose:glycoprotein glucosyltransferase is not essential for parasite growth at 37°C, it is essential for parasite growth and survival at 40°C. The null mutant was also shown to be hypersensitive to the effects of the N glycosylation inhibitor tunicamycin. Further analysis of bloodstream form Trypanosoma brucei under normal conditions and stress conditions suggests that it does not have a classical unfolded protein response triggered by sensing unfolded proteins in the endoplasmic reticulum. Rather, judging by its uniform Grp78/BiP levels, it appears to have an unregulated and constitutively active endoplasmic reticulum protein folding system. We suggest that the latter may be particularly appropriate for this organism, which has an extremely high flux of glycoproteins through its secretory pathway.
Trypanosoma brucei is a protozoan parasite with two main proliferative stages in its life cycle: the procyclic form that grows in the tsetse fly midgut, and the bloodstream form that causes African sleeping sickness in humans and nagana in cattle. The bloodstream form is covered in a densely packed layer of 5 ϫ 10 6 glycosylphosphatidylinositol (GPI)-anchored variant surface glycoprotein (VSG) dimers. This coat protects the parasites from the alternative pathway of complementmediated lysis, shields other cell surface proteins from the host immune system, and by the process of antigenic variation allows these parasites to persist for long periods in the host bloodstream (16, 54) . The trypanosome genome contains several hundreds of silent VSG genes, most of which are pseudogenes in subtelomeric arrays (40) . T. brucei evades host-acquired immunity through differential activation of these genes, which encode immunologically distinct GPI-anchored glycoproteins with one to three N glycosylation sites (27, 43) .
Protein N glycosylation is the most common covalent protein modification in eukaryotic cells (25) . N-glycans contribute to "quality control" in the endoplasmic reticulum (ER) through a series of oligosaccharide-processing and lectin-binding reactions that contribute to protein folding and the targeting of misfolded glycoproteins for degradation (24, 47, 58, 65) .
As nascent protein chains enter the ER lumen, they are modified covalently in most eukaryotes by the addition of the Glc 3 Man 9 GlcNAc 2 core glycan via the action of oligosaccharyltransferase (OST). After deglucosylation by ␣-glucosidases I (GI) and II (GII), misfolded glycoproteins can be reglucosylated in the ER by the UDP-Glc:glycoprotein glucosyltransferase (UGGT), recreating the same monoglucosylated trimming intermediate generated by GII (9, 64, 66) . UGGT behaves as a sensor of glycoprotein conformation and is a key constituent of ER quality control (50, 61) . Calnexin and calreticulin are ER-resident lectin-like quality control chaperones that recognize the monoglucosylated glycans on glycoproteins and help them to fold properly through their close association with the oxidoreductase ERp57 (49) . On reaching the proper tertiary structure, the glycoproteins are still substrates of GII but no longer of UGGT. Properly folded molecules, thus liberated from the lectins, are then free to continue their transit to the Golgi apparatus (64) . When exposure to the folding machinery in the ER is not sufficient to promote a native conformation, proteins are eventually degraded by ER-associated degradation (49, 64) .
Most eukaryotes under conditions of stress, such as heat shock, undergo an unfolded protein response (UPR) that is triggered by sensing unfolded proteins in the ER. The UPR typically leads to increased expression of ER quality control components, such as calnexin and calreticulin and the ER chaperone Gpr78/BiP, as well inhibition of protein synthesis and cell cycle arrest (53, 57, 60) .
In contrast to the situation in most other eukaryotes, none of the trypanosomatid dolichol-linked oligosaccharides are capped with glucose residues, as these parasites do not synthesize the sugar donor dolichol-phosphate-glucose for these reactions (41, 59 ). The mature dolichol-phosphate-oligosaccharide species used for transfer to protein vary according to trypanosomatid species (17, 51, 52, 56) . Therefore, in these organisms, monoglucosylated glycans are exclusively formed through UGGT-dependent glucosylation (12) . Furthermore, trypanosomatids lack calnexin, which binds and participates in the refolding of glucosylated proteins, and it has been suggested that differences in the N-glycan precursor have profound effects on N-glycan-dependent quality control of glycoprotein folding and ER-associated degradation (4). These protozoa do not present a conventional OST complex and express only the catalytic stt3 protein subunit that, at least for the Trypanosoma cruzi and Leishmania major enzymes, shows little specificity toward the structure of the dolichol-phosphateoligosaccharide donor (4, 11, 26, 31, 32, 45) . In the case of T. brucei, while the insect-dwelling procyclic form makes and transfers Man 9 GlcNAc 2 -phosphate-dolichol (1), previous work from our group showed that the bloodstream form of the parasite transfers both Man 9 GlcNAc 2 and Man 5 GlcNAc 2 to VSG in a site-specific manner (29) . Regarding ER folding and quality control, although in vitro assays have shown that T. cruzi and higher eukaryotic UGGTs exclusively glucosylate high-mannose glycans in misfolded glycoproteins (66) , in T. brucei the UGGT and GII enzymes use Man 5 GlcNAc 2 and Glc 1 Man 5 GlcNAc 2 , respectively, as their substrates in the processing of VSG variant 221 (VSG221) (29) . However, it could not be concluded from that study whether this apparent preference for atypical biantennary Man 5 GlcNAc 2 and Glc 1 Man 5 GlcNAc 2 structures reflected the substrate specificity of the enzymes or the location of the glycosylation site in the VSG polypeptide chain (30) .
In this work, we further analyze the specificity and function of the UGGT/GII quality control system of T. brucei by analyzing the non-VSG N-glycans of our ␣-GII null mutant and creating and characterizing a T. brucei UGGT null mutant.
MATERIALS AND METHODS
Extraction of ricin binding glycoproteins and N-glycan release and purification. T. brucei GII null mutant parasites (29) were isolated from infected rats and purified over DEAE-cellulose. Glycoprotein extraction and purification were carried out as previously described (3) . N-glycans were released from proteins and separated on Bio-Gel P-4 as previously reported (3). Low-molecular-weight fractions were pooled and desalted using a small column containing Dowex AG50 (H ϩ ) over AG3 (OH Ϫ ). Desalted glycans were freeze-dried, redissolved in water, and further fractionated by high-pH anion-exchange chromatography (HPAEC) using a Dionex CarboPac PA-100 column (2 mm by 250 mm). The column was equilibrated with 98% buffer A (100 mM NaOH) and 2% buffer B (380 mM sodium acetate in 100 mM NaOH) for 20 min at a flow rate of 0.25 ml/min. N-glycans were separated using a linear gradient of 2 to 25% buffer B over 40 min at 0.6 ml/min. N-glycans were detected with a pulse-amperometric detector, and sodium ions were removed from the eluate using an online Dionex ARRS unit. Glycans were collected individually at the detector outlet and desalted by passage through a column of 0.5 ml Dowex AG50 (H ϩ ) over 0.5 ml Dowex AG3 (OH Ϫ ) and elution with 4 ml water. The eluates were freeze-dried and redissolved in water.
Permethylation and methylation linkage analysis. Methylation analysis was carried out on the whole low-molecular-weight N-glycan fractions from both wild-type and GII null mutant cells. Approximately 5 nmol of material was used for methylation analysis as previously described (21) . An aliquot (2%) of the permethylated glycan mixture was taken for electrospray-mass spectrometry (ES-MS) and ES-tandem MS (ES-MS-MS) analysis before the remainder was processed to partially methylated alditol acetates that were analyzed by gas chromatography-MS (GC-MS), using an HP-5 (30 m by 0.25 mm; Agilent) and a Supelco SP 2380 column (the latter to allow resolution of the nonreducing terminal Man and nonreducing terminal Glc partially methylated alditol acetates).
ES-MS analysis of permethylated and native N-glycans. The whole permethylated N-glycan fraction was dissolved in 80% acetonitrile, and aliquots (2 l) were mixed with an equal volume of 80% acetonitrile containing 1 mM sodium acetate prior to loading into nanotips (Micromass type F) for positive-ion ES-MS and ES-MS-MS on a Micromass Q-TOF2 orthogonal quadrupole-time of flight MS (Micromass United Kingdom). Tip and cone voltages were 1 kV and 40 V, respectively, and the collision energy was 45 to 90 V. Native N-glycans resolved on Dionex HPAEC were desalted and redissolved in water. Aliquots (1 l) were mixed with 1 l 100% acetonitrile containing 2% formic acid and loaded into nanospray tips (Micromass type F) for ES-MS. Samples were analyzed in positive-ion mode with capillary and cone voltages of 0.9 kV and 30 V, respectively, using a Micromass Q-TOF2 orthogonal quadrupole-time of flight MS (Micromass, Manchester, United Kingdom). All spectra were collected and processed with Masslynx software. For the permethylated glycans, the spectra were processed using MaxEnt-2 to yield masses corresponding to [Mϩ2Na] .
Cultivation of trypanosomes. Bloodstream form T. brucei isolates genetically modified to express T7 polymerase and the tetracycline repressor protein were cultivated in HMI-9 medium containing 2.5 g/ml G418 at 37°C in a 5% CO 2 incubator as described by Wirtz et al. (69) .
DNA isolation and manipulation. Plasmid DNA was purified from Escherichia coli (DH5␣) using the Qiagen Miniprep or Maxiprep kit as appropriate. Gel extraction was performed using QIAquick kits. Custom oligonucleotides were obtained from Thermo Hybaid or the Dundee University oligonucleotide facility. T. brucei genomic DNA was isolated from ϳ2 ϫ 10 8 bloodstream form cells using DNAzol (Helena Biosciences).
Generation of constructs. The 523-bp 5Ј and 543-bp 3Ј untranslated region (UTR) sequences next to the Tb927. 3 .4630 open reading frame (5) were a PCR amplified from genomic DNA using Pfu with 5Ј-tcaagtacGCGGCCGCccgtcgtgt tgtacaaagc-3Ј and 5Ј-tggacggtttaaacctaagcgaagctttggttctttgtgtaacttac-3Ј and 5Ј-cg cttaggtttaaaccgtccaggatcctgcgagcttggggaatg-3Ј and 5Ј-tcctcttaGCGGCCGCtcaca acatttgaattaatacg-3Ј as forward and reverse primers, respectively. The two PCR products were used together in a further PCR analysis to yield a product containing the 5Ј UTR linked to the 3Ј UTR by short HindIII and BamHI cloning sites (underlined) and NotI restriction sites at each end (capitalized). The PCR product was cloned into the NotI site of the pGEM-5Zf(ϩ) vector (Promega), and the HYG and PAC drug resistance genes were introduced into the targeting vector via the HindIII and BamHI cloning sites.
Transformation of bloodstream form T. brucei. Constructs for gene replacement and ectopic expression were purified using the Qiagen Maxiprep kit, digested with NotI to linearize, precipitated, washed twice with 70% ethanol, and then redissolved in sterile water. The linearized DNA was electroporated into T. brucei bloodstream cells (strain 427, variant 221) that were stably transformed to express T7 RNA polymerase and the tetracycline repressor protein under G418 selection (69) . Cell culture and transformation were carried out as previously described (44, 69) .
Southern blotting. Aliquots of genomic DNA isolated from 100 ml of bloodstream form T. brucei cultures (ϳ2 ϫ 10 8 cells) were digested with various restriction enzymes. Fluorescein-labeled probes were generated using the CDPStar random prime labeling kit (Gene Images); 250 ng of template was used in a reaction volume of 50 l and incubated for 90 min. Aliquots of 5 l were used for each Southern blot experiment.
Small-scale sVSG isolation. Soluble-form VSG (sVSG) was isolated from 100-ml cultures containing ϳ2 ϫ 10 8 bloodstream form T. brucei cells. The cultures were chilled in ice water and centrifuged at 2,500 ϫ g for 10 min. The pellet was washed twice in trypanosome dilution buffer (15) and transferred to a 1.5-ml Eppendorf tube. The pellet was resuspended in 300 l of lysis buffer (10 mM NaH 2 PO 4 buffer, pH 8.0, containing 0.1 mM 1-chloro-3-tosylamido-7-amino-2-heptanone, 1 g/ml leupeptin, and 1 g/ml aprotinin) prewarmed to 37°C and incubated for 5 min at the same temperature. The sample was centrifuged at 14,000 ϫ g for 5 min, and the supernatant was applied to a 200-l DE52 anion-exchange column preequilibrated in lysis buffer. Fresh lysis buffer (800 l without protease inhibitors) was applied in four stages, and the pooled column eluate was concentrated and diafiltered with water on a YM-10 spin concentrator (Microcon). The final sample of 50 to 100 g sVSG221 was recovered in a volume of 100 l water.
ES-MS analysis of intact VSG. Samples of the sVSG preparations were diluted to ϳ0.07 g/l in 50% acetonitrile, 1% formic acid, loaded into nanotips (Micromass type F), and analyzed by positive-ion ES-MS on a Q-Star XL instrument (Applied Biosystems). Data were collected and processed using the Bayesian protein reconstruction algorithm of Analyst software.
SDS-PAGE and Western blotting. T. brucei extracts, equivalent to 2 ϫ 10 5 cells, were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% NuPAGE (Invitrogen) gels and transferred to polyvinylidene difluoride Hybond-P membranes (Amersham Biosciences) in a semidry transfer apparatus at 40 mA for 1 h. 
RESULTS
Analysis of the non-VSG N-glycans of wild-type and GII null mutant bloodstream form T. brucei. The majority of VSG was released from the plasma membrane by osmotic lysis (15) , which causes the cleavage of the VSG GPI anchor by endogenous GPI-specific phospholipase C (10, 20) . The remaining glycoproteins were solubilized in SDS-urea, purified by ricin affinity chromatography, and treated with peptide:N-glycosidase F, and the released N-glycans were separated into highand low-molecular-weight glycan fractions by gel filtration (3). The wild-type low-molecular-weight fraction was shown to contain Man, Gal, and GlcNAc by GC-MS composition, while the GII null low-molecular-weight fraction also contained Glc. Methylation linkage analysis of the wild-type material by GC-MS revealed terminal Man, 2-O-substituted Man, 3,6-di-O-substituted Man, terminal Gal, and 4-O-substituted GlcNAc, consistent with a mixture of oligomannose and complex glycans (see Fig. S1A in the supplemental material). The same derivatives were observed in the GII null material except that terminal Glc and 3-O-substituted Man were also found (see Fig. S1B in the supplemental material). The last two derivatives are consistent with the presence of structures terminating in Glc␣1-3Man, as would be expected in a GII null mutant. Aliquots of the low-molecular-weight fractions were also analyzed by ES-MS and ES-MS-MS following permethylation, and quite different profiles were obtained ( Fig. 1A and B). Differences were also apparent upon chromatography of the native low-molecular-weight fractions by Dionex HPAEC using pulsed amperometric detection ( Fig. 1C and D) , and each of the labeled peaks was analyzed by ES-MS to deduce its Hex/HexNAc ratio. By combining these data, we were able to propose the major structures for each glycan composition in both samples (Table 1) .
As expected, there is a marked shift to structures containing terminal Glc residues in the GII mutant. However, whereas our analysis of the effects of the GII mutation specifically on the glycosylation of VSG221 showed that only the biantennary Man 5 GlcNAc 2 and related structures at Asn263 (and not the Man 9-7 GlcNAc 2 structures at Asn468) were glucosylated (29) , this analysis of all the remaining T. brucei glycoproteins clearly shows that Man 9-7 GlcNAc 2 structures are also efficiently glucosylated. In both the wild-type and GII mutant preparations, about 60% of the structures are biantennary paucimannose or complex structures, believed to originate from the transfer of Man 5 GlcNAc 2 via T. brucei OST1 activity, and about 40% are triantennary oligomannose structures, believed to originate from the transfer of Man 9 GlcNAc 2 via T. brucei OST2 activity (39) . Of these, only small proportions (6% and 3%, respectively) are glucosyated in wild-type cells, whereas large proportions (69% and 82%, respectively) are glucosylated in the GII null mutant. (5) suggested that the gene TbUGGT was present in a single copy per haploid genome, and this was confirmed by Southern blot analysis ( Fig. 2A, lanes 1, 3, and 5 ). The TbUGGT alleles were replaced sequentially with puromycin acetyltransferase (PAC) and hygromycin phosphotransferase (HYG) drug resistance cassettes by homologous recombination and selection on the relevant antibiotic(s), to generate a TbUGGT::PAC/TbUGG::HYG mutant (Fig. 2B) . Southern blot analysis using a probe that hybridizes with the TbUGGT open reading frame indicated that both TbUGGT alleles had been replaced ( Fig. 2A, lanes 2, 4, and 6 ).
TbUGGT null mutant and wild-type parasites show the same pattern of VSG glycosylation. The cell line used in this study was bloodstream form T. brucei strain 427 expressing VSG221 (also known as MITat1.2). VSG221 has two occupied N glycosylation sites, the glycan structures of which have been fully characterized (70) . The Asn428 site, five residues from the GPI attachment site, is occupied mostly by oligomannose structures (Man 7-9 GlNAc 2 ), whereas the Asn263 site is occupied by small biantennary structures, ranging from Man 3 GlcNAc 2 to Gal 1 GlcNAc 1 Man 3 GlcNAc 2 (Fig. 3A) .
The wild-type and TbUGGT null mutant cell lines were grown in vitro, and samples of sVSG221 were purified from them. Aliquots were analyzed by positive-ion ES-MS, and the deconvolved mass spectra of the intact glycoproteins are shown in Fig. 3 . The wild-type (Fig. 3B) and TbUGGT null mutant (Fig. 3C) profiles both show the same range of glycoforms that arise from the known heterogeneity in the GPI anchor (42) and N-glycans (70) of this particular VSG (29, 39, 62, 67) (Table 2) . Thus, we may conclude that there is no alteration in the glycosylation pattern of mature VSG expressed in the TbUGGT null mutant. However, this result could have arisen if the gene TbUGGT we removed simply did not encode a functional UGGT enzyme. To test this, we analyzed VSG isolated from wild-type and TbUGGT null mutant cells grown for 48 h in the presence of 6 mM 1-deoxynojirimycin, an ␣-glucosidase inhibitor (2) commonly used to inhibit GII of the UGGT/GII cycle of the ER quality control system (61) . As expected, the VSG glycoform pattern observed for the glucosidase inhibitortreated wild-type cells (Fig. 3D ) was identical to that previously a The peak identifiers and retention times refer to the Dionex HPAEC chromatograms shown in Fig. 1C and D. b The positive-ion ES-MS analyses of the individual peaks revealed the main molecular species as being ͓MϩH͔ ϩ , ͓Mϩ2H͔ 2ϩ , or ͓Mϩ2Na͔ 2ϩ ions from which the glycan compositions were deduced.
c The proportions of each glycan are estimated from the areas of the peaks in Fig. 1C and D. WT, wild type. Underlined values indicate N-glycans retaining one terminal -Glc residue.
d The proposed structures are based on the known compositions, the ES-MS-MS spectra of the principal ions shown in Fig. 1A and B, and literature precedent for T. brucei N-glycans with those compositions.
e Likely origin of the N-glycan with respect to the OST (OST1 or OST2) (39) that will have transferred its 
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IZQUIERDO ET AL. EUKARYOT. CELL described for the T. brucei GII null mutant (29); i.e., both show a shift of glycoforms to a higher mass equivalent to approximately 3 hexose units (486 Da). This is due to the retention of two ␣Man residues and one ␣Glc residue on the 3-arm of the N-glycan at Asn263 such that the major structures at this site are now Glc 1 Man 5 GlcNAc 2 and its products from the processing of its 6-arm (Fig. 3A) . In contrast, 1-deoxynojirimycin had no effect on the glycoform pattern of VSG isolated from
TbUGGT null parasites (Fig. 3E) . This is consistent with TbUGGT encoding a functional TbUGGT enzyme, such that its removal abrogates the transfer of the terminal ␣Glc residue to Man 5 GlcNAc 2 which, in the presence of the glucosidase inhibitor, would otherwise protect the two underlying ␣1-2-linked ␣Man residues of the 3-arm from removal by ER and/or Golgi ␣-mannosidases (29) . In summary, from these data, we may conclude that the gene 
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TbUGGT is required for the addition of ␣Glc to the 3-arm of Man 5 GlcNAc 2 at Asn263 and, given its sequence similarity to known UGGT enzymes from other eukaryotes, it is reasonable to conclude that TbUGGT encodes a functional UGGT enzyme in the ER of T. brucei. The TbUGGT null mutant is more sensitive to ER stress conditions than wild-type T. brucei. The normal growth kinetics in vitro at 37°C (Fig. 4) and the ability of the null mutant to infect mice (data not shown) allow us to conclude that TbUGGT is a nonessential gene in bloodstream form T. brucei under normal conditions, as described previously for T. cruzi and Schizosaccharomyces pombe (12, 23) . However, since UGGT is generally involved in the quality control of glycoprotein folding in the ER (64), we decided to check the ability of the TbUGGT null mutant to cope with conditions likely to lead to the accumulation of misfolded proteins in the ER.
The parasites were grown in vitro at 40°C to induce heat shock. Both wild-type and TbUGGT null mutant cells grew more slowly at the elevated temperature, but whereas the wildtype cells survived and proliferated in culture, the TbUGGT null mutant cells started to die after 3 days (Fig. 4) . This sensitivity to elevated temperature suggests that TbUGGT does indeed play a role in protecting the parasite from the stress of heat shock. Typical ER UPR in other eukaryotes includes an upregulation in the ER chaperone Grp78/BiP (57, 60) , and deletion of UGGT in T. cruzi has been reported to lead to increased BiP expression (12) . Therefore, the levels of Grp78/BiP and in wild type and TbUGGT null cells were an- The abundance of each isobaric group of VSG molecules is indicated as follows: ϩϩϩ, mass peaks Ͼ70% of the biggest species; ϩϩ, mass peaks Ͼ40% of the biggest species; ϩ, mass peaks Ͻ40% of the biggest species. WT, wild type.
b The measured masses (from Fig. 3 ) for sVSG221 samples from wild-type cells, TbUGGT null mutant cells (UGGT KO), wild-type cells grown with dNJ (WT ϩ dNJ), and TbUGGT null mutant cells grown with dNJ (UGGT KO ϩ dNJ) are tabulated. The theoretical mass of the assigned VSG composition is shown in parentheses. -, not measured.
c The average molecular weight of sVSG221 polypeptide (46,284 Da) minus amino acids 1 to 27 (signal peptide) and residues 460 to 476 (GPI attachment signal sequence) with four disulfide bonds (29) . alyzed by SDS-PAGE and Western blotting at 0, 24, 48, and 72 h after the temperature shift from 37°C to 40°C (Fig. 5A) . However, there were no obvious changes in BiP levels in either cell line, relative to ␣-tubulin controls, suggesting that unlike other organisms (30, 46, 68) , T. brucei does not upregulate Grp78/BiP expression in response to the loss of UGGT or to heat shock. An alternative stress expected to lead to UPR is glycoprotein underglycosylation (7, 36) . We therefore analyzed the sensitivity of wild-type and TbUGGT null mutant parasites to tunicamycin, a compound that inhibits protein N glycosylation. The cells were treated overnight with 0.1 g/ml tunicamycin (a submaximal dose with respect to the inhibition of protein N glycosylation in T. brucei (19) , and their lysates were analyzed by Western blotting using anti-BiP and anti-VSG221 antibodies. However, despite underglycosylation of VSG221 in wildtype and TbUGGT null mutant cells, there was no obvious increase in Grp78/BiP (Fig. 5B) . On the other hand, underglycosylation of VSG was more apparent in the TbUGGT null mutant cells, suggesting that they are hypersensitive to the drug.
DISCUSSION
In eukaryotes, UGGT is one of the key enzymes in the quality control system of glycoprotein folding where it acts as a folding sensor, selectively glucosylating incompletely folded glycoproteins and thus promoting binding of its substrates to calnexin and/or calreticulin chaperones, which are in turn associated with Erp57 oxidoreductase (8, 49, 63) . As in the case of the analysis of the VSG from the GII null mutant (29) , the data obtained in this study using the ␣-glucosidase inhibitor 1-deoxynojiromycin suggest that the T. brucei UGGT enzyme operates on the biantennary Man 5 GlcNAc 2 glycan added to Asn263 of VSG221 in preference to the more conventional Man 9 GlcNAc 2 glycan at Asn428. This unusual ability of T. brucei UGGT to glucosylate biantennary Man 5 GlcNAc 2 has also been recently noted for the UGGTs of other protozoan parasites, namely Entamoeba histolytica and Trichomonas vaginalis (4, 38) . However, for T. brucei, it was unclear whether the selective glucosylation of Man 5 GlcNAc 2 at Asn263 of VSG221 was due to a strict preference of TbUGGT for Man 5 GlcNAc 2 or whether TbUGGT is relatively nonspecific for the acceptor glycan structure and simply selective for certain glycosylation sites, e.g., those in more disordered domains immediately following protein synthesis. Analysis of the non-VSG N-glycans from the GII null mutant strongly suggests the latter model (Fig. 6B) . Indeed, over 80% of the triantennary oligomannose structures were found to be glucosylated in the low-molecularweight glycan fraction of the glucosidase null mutant. Thus, the oligomannose-containing C-terminal Asn428 site of VSG221 may be in a domain that does not need help with folding, whereas the Man 5 GlcNAc 2 -containing N-terminal Asn263 site is reversibly glucosylated in this glycoprotein. Interestingly, under UDP-GlcNAc starvation conditions, T. brucei produces two major species of VSG221; one form contains both Cterminal and N-terminal N-linked glycans, whereas the other form contains only the N-terminal glycan, whose precursor is Man 5 GlcNAc 2 (29, 62) . Underglycosylation of the Asn486 site, but not of the Asn263 site, is also seen in the T. brucei ALG3 mutant (39) . This highlights the apparent importance of the Asn263 glycan for the correct folding of the T. brucei VSG coat. The crystal structure of VSG221 shows that the core of the Asn263 glycan replaces a short peptide ␣ helix in other VSG variants (6), suggesting why this particular glycan may be relatively important.
In other species, such as S. pombe, the accumulation of misfolded proteins in the ER triggers the induction of Grp78/ BiP mRNA synthesis (22, 55) . Similarly, in T. cruzi UGGT null mutants, the Grp78/BiP levels are increased in response to the lack of calreticulin-glycoprotein interaction (12) . This general induction of the synthesis of Grp78/BiP and other proteins that facilitate the proper folding of newly synthesized species is part of the so-called UPR (53, 57, 60) . We did not detect any upregulation of the Grp78/BiP mRNA or protein levels in the TbUGGT null mutant. Similarly, Grp78/BiP protein levels in wild-type and TbUGGT null mutant cells did not increase under tunicamycin or heat shock stress conditions. Nevertheless, under sustained elevated temperatures, TbUGGT was essential for T. brucei growth in culture. This is reminiscent of the essentiality of the UGGT enzyme for the growth of S. pombe under ER stress conditions induced by underglycosylation and high temperatures (18) .
According to the VSG221 glycoforms from wild-type T. brucei cells grown in the presence of the ␣-glucosidase inhibitor 1-deoxynojirimycin (2) (Fig. 4C) , every Asn236 N-glycan is glucosylated, suggesting that the T. brucei enzyme constitutively glucosylates the N-terminal N-glycans in the biosynthesis of VSG221. This is in contrast to the situation in S. pombe, where even misfolded proteins are not quantitatively gluco- (22) . Similarly, in the case of T. cruzi, the oligosaccharides present at the N glycosylation site of the COOH-terminal domain of cruzipain, a lysosomal glycoprotein, are glucosylated in some molecules and not in others (35) . The constitutive glucosylation of the VSG221 Asn263 glycan and constitutive expression of Grp78/BiP in bloodstream form T. brucei suggest that although the UGGT/GII cycle clearly operates in this parasite and that without it the cells are more susceptible to elevated temperatures, the parasite does not regulate its protein folding/quality control pathway through a classical UPR (Fig. 6) . Consistent with this view, searches for components of the UPR pathways, like IRE-1, ATF-6, and PERK (60), or for their ER luminal unfolded protein-sensing domains (14) , failed to identify candidate T. brucei genes. Thus, we suggest that T. brucei has evolved an unregulated, classical UPR-less ER protein folding/quality control system that is constitutively active to cope with the extremely high flux of glycoprotein synthesis and export (Ͼ10 7 glycoprotein molecules per cell division) that is required to create a VSG surface coat, upon which the organism depends for survival. Transcriptional profiling also suggests that a classical UPR does not exist in T. brucei (34) . However, a nonclassical UPR-like response, linking stress to the silencing of spliced leader RNA synthesis and consequent arrest of mRNA production, was described recently (37) . The latter decouples the necessity for a stress response from ER unfolded protein sensing, and this may better suit an organism with such a high constitutive flux of glycoprotein biosynthesis.
